Laboratory and room-scale experiments were conducted with natural and synthetic polymers: cotton, paper, wood, wool, acetate, acrylic, nylon, and urethane. Smoke and off-gases from single materials were generated in a dual-compartment 110-liter exposure chamber. Multicomponent, composite fuel loads were burned within a 100 m' facility subdivided into rooms. In chamber experiments, mortality depended on the amount of material burned, i.e., fuel consumption (FC). Conventional dose (FC)/mortality curves were obtained, and the amount of fuel required to produce 50% mortality (FC50) was calculated. With simple flame ignition, cotton was the only material that produced smoke concentrations lethal to rats; FC5, values for cotton ranged from 2 g to 9 g, depending on the configuration of the cotton sample burned. When supplemental conductive heat was added to flame ignition, the following FC,, values were obtained; nylon, 7 g; acrylic, 8 g; newsprint, 9 g; cotton, 10 g; and wood, 11 g. Mortality resulting from any given material depended upon the specific conditions employed for its thermal decomposition. Toxicity of off-gasses from pyrolysis of phosphorus-containing trimethylol propanepolyurethane foams was markedly decreased by addition of a flame ignition source. Further studies are needed to determine the possible relevance of single-material laboratory scale smoke toxicity experiments. Room-scale burns were conducted to assess the relative contributions of single materials to toxicity of smoke produced by a multicomponent self-perpetuating fire. Preliminary results suggest that this approach permits a realistic evaluation of the contribution of single materials to the toxicity of smoke from residential fires.
Introduction
Concern over the potential toxicity of smoke produced when materials burn in residential or institutional fires has increased in the recent past. Particular concern has been expressed regarding possible unusual toxic effects of combustion products from synthetic materials. This concern has been evidenced in statements in building codes, petitions to the Consumer Product Safety Commission, and increased private and public research. Major publicity has been given to a relatively small number of benchscale experiments demonstrating the toxicity of smoke produced when single materials were pyrolyzed. Less emphasis has been given to statistics demonstrating the steady decline in fire-motor vehicle-related mortalities, was over 46 per million persons (1) . In 1974, it was approximately 37 per million. From these statistics, it is very difficult to conclude that there has been an increase in the relative toxicity of smoke in residential fires which paralleled the increased use of synthetic polymers during that 20-year period. Despite the absence of evidence of a contribution of synthetic polymers to an increased real life hazard from smoke, it is important that the relative toxicity of combustion products of all materials be known. In fuilly developed residential fires resulting in fatalities, more than one material is consumed. Therefore, the need exists for methods to assess the contribution of individual materials to the biological effect produced by smoke from a selfperpetuating mLtLicomponent fire.
Materials
Rigid polyurethane foam samples (Table 1) were prepared by blending the polyol, phos- In simple ignition experiments, a test polymer was suspended in a vertical position from a glass hanger located 5 cm from the top and 8 cm behind the front panel of the right compartment. The lower edge of the polymer was 2 cm above the flame source, which consisted of a horizontal butane torch regulated to give six 8-cm jets of flame spaced 2.5 cm apart. A 30-sec ignition time was used; no attempt was made to extinguish the polymer if it continued to burn after the torch was shut off.
In the forced combustion procedure, the horizontal torch was removed from the right compartment and replaced with an 8-cm diameter, 100-W surface heating element with external controls. Wood samples were cut into matchsize pieces prior to combustion; other polymers were cut into 2.5-cm square pieces. The samples were held in a 1 X 10 cm stainless steel pan. Rats were placed in the left compartment and the chamber was purged with oxygen (1.5 L./ min) for 5 min. Immediately prior to ignition, the sample was moved onto the preheated (3000C) heater. Ignition was accomplished with an 8 cm acetylene/air flame directed towards the surface of the sample for 30 sec. The oxygen purge and power to the conductive heater was continued until the samples ceased to flame or for a maximum of 5 minutes after ignition.
Following the 60-min exposure period, in the dual compartment chamber, surviving rats were transferred to standard laboratory cages and observed for 14 days prior to sacrifice and necropsy. A series of experiments utilizing increasing fuel loads was conducted with each material. The resulting fuel consumption and mortality data were used to calculate the fuel consumption that would result in death of 50%7 of the exposed rats by using a nonlinear regression equation [eq. (1) where Y = per cent mortality, X = grams fuel consumed, and B is the LD50.
Room Scale
The experimental facilities ( Fig. 3 ) consisted of three fire exposure rooms (areas 1, 2, and 4) connected by a corridor (area 3). These areas occupied approximately 40 m2 of floor space and a volume of 100 m3. Systems for re- mote visual, audio, and atmospheric monitoring were in an adjacent room. Room temperature was monitored by remote thermocouples. Oxygen concentration was determined by a paramagnetic procedure. Carbon dioxide and carbon monoxide were monitored by nondispersive infrared techniques. Nitrogen oxides were monitored by chemiluminescence and total hydrocarbons were determined by flame ionization (3) . Hydrogen cyanide was trapped in caustic scrubbers and quantified colorometrically (4).
Gas concentration values were obtained from each location every 4.5 min. Integration of concentration/time plots provided cumulative exposure values to time of animal death and to completion of the 30-min experimental period. The fuel load was placed on the floor in the corner of area 1 ( Fig. 3 ) and ignited, after rats had been placed in the respective cages in areas 2, 3, and 4. Both 25-cm diameter motor-driven rotary cages (6 rpm) and stationary cages were located approximately 30 cm above the floor. Thermocouples and gas sampling lines were located adjacent to the animal cages. Male Sprague-Dawley rats weighing approximately 225 gf were used in all experiments.
All exterior openings were closed during the burn, which lasted 30 min. The doorway leading from area 1 into the corridor was wide open during the burn. The door leading from the corridor into area 2 was partially closed with only a vertical opening of 650 cm2 remaining. The door to area 4 was closed tightly, with only a horizontal opening of 100 cm2 between the floor and the bottom of the door. The composite fuel load was ignited at zero time with 100 ml of ethanol placed in a pan located 4 cm beneath the center.
Results and Discussion

Laboratory Scale
Early in 1974, the University of Utah Flammability Research Center reported a greater than expected toxicity from smoke from a foam containing trimethylol propane and phosphorus (2) . A parallel series of tests were conducted to evaluate the effects of various phosphorus additives, foam compositions, and pyrolysis conditions. The additives tested included a brominated phosphate ester, a chlorinated phosphate ester, a polymeric chlorinated phosphonate, a reactive phosphonate, and an inorganic polyammonium phosphate. Foams were formulated to contain 16% by weight of each material. Those studies involved 35 separate exposures and 270 rats. Results of the first series of experiments with trimethylol propane foams (formulation A, Table 1 ) and pyrolytic decomposition are shown in Table 3 . These results suggest a direct relationship between phosphorus content of the foam and the relative degree of toxicity of the smoke produced when pyrolytic conditions in the absence of pilot flame are employed. Mortalities occurred among rats exposed to smoke of each of these phosphorus-containing foams except the foam which contained less than 1% total phosphate.
Because it is highly improbable that a heat flux approaching 5 W/cm2 radiant energy would ever occur in the absence of a flame, a series of experiments were conducted with the use of a pilot ignition flame. The samples were exposed to the 5 W/cm2 radiant flux plus pilot ignition for 5 min. A marked reduction in the toxicity of the smoke produced from these trimethylol propane-containing foams, pyrolized in the presence of a pilot flame, was noted. In an additional limited number of experiments, no mortalities occurred among rats exposed to smoke produced from samples of the same foams decomposed by the pilot flame alone, in the absence of additional radiant energy.
In other experiments, the same phosphorus additives were used in foams that did not contain trimethylol propane (formulations B and C, Table 1 (Fig. 4) . With the relationship of mortality to fuel consumption establishcd, it was possible to calculate FC50, the fuel consumption required to result in 50%o mortality. When a single piece of cotton material was suspended vertically, the FC50 was approximately 2 g (Table 6 ). When two pieces were suspended vertically, the FC50 increased to approximately 5 g. Cotton Environmental Health Perspectives (Table 7) are typical of those obtained with a Environmental Health Perspectives to be the dependent variable. The independent variables, though highly interrelated, were the integrated values for temperature and individual gas exposures prior to time of death. The only statistically significant (p <0.01) coefficient was that for the temperature effect; the variation in temperature accounted for 68% of the variation in time to death. In experiments such as these, where the so called independent variables are so highly correlated, it is impossible to accurately determine their individual importance in affecting the dependent variable. Experiments with specific synthetic gas mixtures and controlled temperature stress will be required to determine the contribution of these individual factors on loss of biological integrity. However, these experimental results, utilizing a room scale facility and multi-component fuel loads, support the conclusion (5) that carbon monoxide and thermal exposure are the factors generally responsible for human fatalities following exposure to fires.
Recognizing the limitation of laboratoryscale experiments, it is readily apparent that the room-scale model more closely simulates actual fire situations in which materials are burning in one room and the victims are overcome in a distant room. The composite fuel load, based upon available information from the National Bureau of Standards and other sources, was selected to represent the composition of furnishings within a recreational or living room. This composite does not include components of construction, such as wood paneling or wall paper, nor does it include floor covering components. The concept allows the substitutions of individual materials into the fuel load for the materials that each would normally replace. For instance, rayon upholstery fabric could be substituted for a portion of the cotton fabric; a urethane foam containing flame retardant could be substituted for a regular foam. Other modifications in the composite fuel load could include substitutions to incorporate wall, ceiling or floor construction materials.
The results of these experiments demonstrate that the substrate configuration and methodology influence the results obtained in laboratory-scale experiments. Techniques to extrapolate the results of laboratory experiments to actual fire conditions have not been demonstrated. The results of preliminary experimentation with a multicomponent fuel load in a room-scale model suggest that this is an approach to realistic evaluation of the contribution of individual materials to the toxicity of combustion products from a fully developed, unwanted fire.
